ABSTRACT. The bicarbonate transport rate in neonatal rabbit juxtamedullary proximal convoluted tubules (JMPCT) is lower than that in adults. The reduced rate of transport could be due to a decrease in active bicarbonate transport or an increase in the passive permeability of the tubule to bicarbonate. The present in vitro microperfusion study directly measured the bicarbonate permeability of neonatal and adult JMPCT. Bicarbonate permeability was measured at both slow and fast perfusion rates to simulate the neonatal and adult proximal tubule flow rates, respectively. At 38°C in tubules perfused at 3 nL/min, bicarbonate permeability was 0. 29 The adult proximal tubule reabsorbs 80% of the filtered bicarbonate. Net bicarbonate absorption is due to active transcellular proton secretion and passive paracellular bicarbonate diffusion. The preferential reabsorption of bicarbonate over chloride ions by the proximal tubule results in the generation of a bicarbonate concentration gradient between the tubular lumen and blood. At the end of the PCT, the bicarbonate concentration of the luminal fluid is 8 mmol/L (1). The rate of passive back-diffusion of bicarbonate is determined by the lumen to blood concentration gradient and the bicarbonate permeability. Thus, a lower rate of bicarbonate transport may be due to a decreased rate of active transport or an increased bicarbonate permeability resulting in enhanced bicarbonate diffusion back into the tubular lumen.
Schwartz and Evan (3) directly measured bicarbonate transport in postnatal rabbits using in vitro microperfusion. Net bicarbonate absorption was % that measured in adult animals during the first 3 to 4 wk after birth. Adult rates of transport were measured by 6 wk of age. These developmental changes in bicarbonate reabsorption could be due to maturation in either the rate of proton secretion or bicarbonate permeability.
Recently, it has been postulated that newborn animals have a high proximal tubule solute permeability (4) . The urinary recovery of mannitol microinjected into an early proximal tubule segment in guinea pigs increased from 92% at birth to 100% at 49 d of age. The urinary recovery of larger molecules such as creatinine and inulin did not change with age. Although these studies suggest that changes in proximal tubule permeability may be an important maturational phenomenon, solute permeability in the proximal tubule has not been directly measured. The purpose of the present in vitro microperfusion study was to directly measure JMPCT bicarbonate permeability to determine if it is a factor in the maturation of bicarbonate transport.
MATERIALS AND METHODS
Isolated segments of rabbit JMPCT were dissected and perfused as previously described (5, 6) . Briefly, kidneys from adult and newborn (7 + 1 d old) New Zealand White rabbits were cut in coronal slices. Individual SI and early S2 JMPCT were dissected in cooled (4°C) ultrafiltrate-like solution containing (in mM) 115 NaCl, 25 NaHC03, 2.3 Na2HP04, 10 Na acetate, 1.8 CaC12, 1 MgS04, 5 KCl, 8.3 glucose, and 5 alanine.' Tubules were transferred to a thermostatically controlled 1.2-mL bath chamber and were perfused using concentric glass pipettes. Temperature was controlled at either 20 or 38°C. The bathing solution was an ultrafiltrate-like solution with 6 g % albumin. All solutions were bubbled with 95% 02/5% C02.
The perfusate was designed to yield a volume absorption rate and a transepithelial PD of zero. It contained (in mM) 105 NaCl, 5 NaHC03, 1 Na2HP04, 1.2 CaC12, 1 MgS04, 5 KCl, 10 mannitol, and 30 Na gluconate. Thus, this solution was similar to the ultrafiltrate-like solution except that mannitol replaced the glucose and alanine and the gluconate was substituted for the acetate and most of the bicarbonate. With the removal of these solutes, volume absorption and PD are decreased to zero (6) . The bicarbonate concentration was reduced in the perfusate to impose a bath to lumen bicarbonate concentration gradient. Acetazolamide (1 mM) was added to both the bathing solution and the luminal perfusate to inhibit active bicarbonate transport. Thus, transport of bicarbonate was only due to passive diffusion down its concentration gradient from the bath into the lumen.
The transepithelial PD was measured by using the perfusion RESULTS pipette as thi bridge into the tubular lumen. The perfusate was connected to the recording calomel half cell by a bridge containing perfusate in series with a 3.6 M KC1/0.9 M KN03 agarose bridge. The bathing solution was initially connected to the reference calomel half cell by a bridge containing the perfusate in series with a 3.6 M KC1/0.9 M KN03 agarose bridge. Before the tubule was transferred and perfused, the bath chamber was filled with the perfusate and the electrometer was zeroed. The bath chamber and bridge were then refilled with the ultrafiltrate-like solution and the liquid junction potential was measured and subtracted from the PD recorded during the experimental protocol.
Net volume absorption rate (nL/min . mm) was measured as the difference between the perfusion and collection rates (nL/ min) and normalized per mm of tubule length. Exhaustively dialyzed [methoxy-3H]inulin was added to the perfusate at a concentration of 50 pCi/mL so that the perfusion rate could be calculated. The collection rate was determined from timed collections in a constant volume pipette. The length, in mm, and the inner radius, in pm, were measured with an eyepiece micrometer.
To, was measured by microcalorimetry (8) . To, includes bicarbonate, dissolved C02, and carbonate. Under the conditions used, Tco, is an excellent estimate of the bicarbonate concentration. To measure any potential Tco2 losses, separate experiments were performed where the perfusion pipette was threaded directly into the collecting pipette. Perfusion rates in these experiments were identical to those of the tubule experiments to ensure that the collected fluid would be in contact with the N-2-hydroxyethylpiperazine-W-2-ethanesulfonic acid-equilibrated oil for the same amount of time. There was an average of five measurements at each perfusion rate. At the slow perfusion rate (3 nL/ min), the perfusion TCo2 was 5.0 0.2 mmol/L and at the fast perfusion rate (10 nL/min) it was 4.8 t 1.1 mmol/L.
The bicarbonate permeability was calculated from the following equation (9): where Co, CL, and CB represent the Tco2 (in mmol/L) in the perfusate, collected fluid, and bathing fluid, respectively, and VL is the collection rate in nL/min. The units were changed to cm/s by using the measured inner radius to calculate the luminal surface area.
There were three experimental conditions in which the bicarbonate permeability was determined. In most experiments, tubules were first perfused at a slow perfusion rate (3 nL/min) at 20°C. Next, the tubules were warmed to 38°C with the perfusion rate remaining the same. During the last period, the perfusion rate was increased to 10 nL/min with the temperature remaining at 38°C. The tubules were initially perfused at the slow perfusion rate because the single nephron GFR of neonatal rabbits is lower than that of adults (10, 1 1). Also, the slower perfusion rate would allow for a maximal increase in the bicarbonate concentration of the collected fluid so that a small bicarbonate permeability could be accurately measured. This perfusion rate also simulates that the used by Schwartz and Evan (3) when perfusing rabbit neonatal JMPCT. The tubules were cooled to 20°C to ensure that active transport was inhibited and then warmed to 38°C so that measurements could be made at a physiologic temperature as well. Thus, most tubules were examined under the three conditions studied. Proximal tubules are viable for hours under these conditions (3, 5, 6, 9) . There was a minimum of three determinations of collected bicarbonate in each period and a minimum of two determinations of net volume absorption. Each data point is the mean of these determinations.
All results are given as the mean t SEM. The t test for unpaired data was used to determine statistical significance.
The first series of experiments examined whether there was a difference in bicarbonate permeability at 20°C. These results are shown in Table 1 and Figure 1 . Tubules were cooled to ensure that active transport was inhibited. The perfusion rate was maintained between 3 and 4 nL/min. The bicarbonate permeability was 0.43 a 0.20 x cm/s in the neonatal PCT and 1.95 k 0.63 x cm/s in the adult PCT ( p = 0.05). The second set of experiments examined whether there was a difference in the bicarbonate permeability at the physiologic temperature of 38°C. These results are shown in Table 1 and Figure 2 . The perfusion rate remained at the slow rate used above. The bicarbonate permeability was 0.29 t 0.1 1 X cm/s for the neonatal PCT and 1.70 k 0.49 x cm/s for the adult PCT ( p < 0.05).
The last series of experiments was designed to determine whether there was a difference in bicarbonate permeability at a higher perfusion rate. The perfusion rate was increased to 10 nL/ min to simulate perfusion rates used in transport studies in in vitro microperfusion studies using PCT from adult rabbits. The bicarbonate permeability was 0.1 1 5 0.27 x cm/s in the neonatal PCT and 2.31 + 0.85 x cm/s for the adult PCT ( p < 0.05). These results are shown in Table 1 and Figure 3 . The bicarbonate permeability was slightly higher at the faster rate in adults as previously described (1 2, 13). Bicarbonate permeability was lower in newborn PCT, demonstrating that neonatal PCT lack a flow-dependent increase in bicarbonate permeability at faster perfusion rates. This difference, however, was not statistically significant.
DISCUSSION
Our in vitro microperfusion study directly examined bicarbonate permeability of neonatal and adult JMPCT. Tubules were perfused initially at 20°C to ensure that active transport was inhibited and were then warmed to the physiologic temperature of 38°C. The perfusion rate was initially slow (3 nL/min) to simulate neonatal single nephron GFR and to allow for a maximal increase in luminal bicarbonate concentration. The perfusion rate was then increased to 10 nL/min to simulate the perfusion rates used in in vitro microperfusion studies in PCT from adult rabbits. Under all of the experimental conditions tested, the collected bicarbonate concentration from the neonatal JMPCT was significantly lower than that from the adult JMPCT. The difference in collected bicarbonate concentrations could not be a result of differences in tubule length or inner radius between the two groups because these parameters were not different. These results demonstrate that bicarbonate permeability is lower in newborn than in adult PCT.
Schwartz and Evan (3) found the rate of net bicarbonate transport in adult and neonatal PCT to be 89.4 and 26.6 pmol/ mm . min, respectively. Net bicarbonate flux is composed of active bicarbonate reabsorption and passive back-diffusion. Using our permeability data, passive back-diffusion of bicarbonate accounted for 2.6 pmol/mm.min in adult and only 0.3 pmol/mm . min of the net flux in neonatal PCT. Thus, bicarbonate permeability is not a factor in the lower rate of bicarbonate transport in neonatal PCT.
The bicarbonate permeability measured in adult JMPCT in our study agrees closely with previously published studies. Sasaki et al. (9) Different from adult value a t p < 0.05. X lo-' cm/s. Using a similar protocol to the one employed in this study, Salmon and Baum (6) found the bicarbonate permeability of adult PCT to be 1.8 x lo-' cm/s at 38°C at a perfusion rate of 8-10 nL/min. Previous studies by Liu and Cogan (13) have demonstrated flow dependence of bicarbonate permeability in the S, superficial rat PCT using in vivo microperfusion. In this study, increasing the perfusion rate from 30 to 6 1 nL/min resulted in a significant increase in bicarbonate permeability from 20.4 k 1.8 x cm2/s to 54.0 + 1. I x lo-' cm2/s. We also found a tendency for bicarbonate permeability to increase in adult PCT when the perfusion rate was increased. Bicarbonate permeability was 1.70 + 0.49 X lo-' cm/s at a perfusion rate of 3.55 nL/min and 2.3 1 + 0.85 x cm/s at 11.84 nL/min ( p NS). The permeability -in neonatal PCT actually decreased at the faster perfusion rate. This apparent decrease in permeability could be due to the small inaccuracy of measuring bicarbonate with the method used and the small bicarbonate permeability in the neonate. The collected bicarbonate concentration at the fast perfusion rate in neonatal PCT was 4.7 mmol/L. With the methods used, this would not be distinguishable from 4.9 mmol/L, which is the expected collected bicarbonate concentration if the bicarbonate permeability remains constant.
Apical proton secretion by the proximal tubule is primarily via the Na'/H+ antiporter and bicarbonate exit via the Na(HC03)3 symporter. The energy for proton secretion via the Na+/H+ antiporter is derived from the lumen of cell Na' concentration gradient. The low intracellular sodium concentration is maintained by the basolateral Na+/K'-ATPase. All of these transport processes have recently been shown to undergo maturation in the neonate. Baum (1 5) recently investigated the maturation of the Na+/H+ antiporter and the Na(HC03)3 symporter using fluorescent measurements of intracellular pH in rabbit JMPCT. By changing the luminal Na+ concentration from 147 to 0 mmol/L, the proton secretory rate of the Naf/H+ antiporter in the neonatal PCT was found to be % that of the adult PCT. The activity of the neonatal basolateral Na(HC03)3 symporter was l / 2 the adult rate. Thus, both the apical Na+/Hf antiporter and the basolateral Na(HC03)3 symporter responsible for active HCO; transport are immature at birth. Schmidt and Horster (16) and Schwartz and Evan (17) have shown that the basolateral Na'/K+-ATPase also increases with maturation. Schmidt and Horster (16) found the activity in the neonatal PCT Na+/K+-ATPase to be l / 3 the adult value in JMPCT and l/2 the adult value in superficial PCT. Schwartz and Evan (17) found that Nat/K+-ATPase activity in neonatal JMPCT was % that measured in adult JMPCT. The Na+/K+-ATPase activity increased during the first 6 wk of age, and reached adult rates after the 7th wk of life (17) .
The paracellular leak pathway for bicarbonate remains to be investigated. A high bicarbonate permeability in the neonatal PCT could also contribute to the reduced rate of transepithelial bicarbonate transport. Our study examined bicarbonate permeability across the adult and neonatal PCT. Although bicarbonate absorption in the PCT is transcellular, bicarbonate back-leak is across the paracellular pathway. The lower bicarbonate permeability in neonatal PCT could be due to either a lower permeability of this pathway for bicarbonate diffusion or a smaller area for diffusion. Indeed, it is possible that the permeability of the pathway for diffusion in neonates is higher than that in adults, but the area for diffusion is much smaller. This was not addressed by our data. This in vitro microperfusion study directly demonstrates that the bicarbonate permeability of neonatal JMPCT is much lower than that of adult JMPCT. This reduction in the permeability may be responsible for maintaining the bicarbonate concentration gradient that is generated by transport processes that are functioning below the adult level.
